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Abstract 
After an introduction to biological markets written for non-biologists, I explore whether and 
to what extent natural markets, i.e. markets on which non-human traders exchange goods 
and services with members belonging to their own or to other species, can be compared to 
human ‘economic’ markets, i.e. the markets analysed by economists. Biological Market 
Theory (BMT) borrows jargon and ideas from economics, but was at least as much inspired 
by sexual selection theory, a collection of models of ‘mating markets’, including human 
mating markets. Here I ask two main questions: (1) Is there more than only a superficial 
resemblance between both types of markets? (2) Can the analysis of one yield insights 
about the other? 
First, I consider the different forms of human trading and markets and propose some 
biological ones to which these can best be compared, e.g. companies trading goods in 
markets shaped by ‘comparative advantage’ to underground nutrient exchange markets 
between plants and rhizobial bacteria and mycorrhizal fungi; job and retail markets with 
pollination, seed dispersal and protection markets between plants and insects; ‘embedded 
markets’ with grooming markets in non-human primates and so forth. Then I look at some 
phenomena that are considered to be exclusive to human markets, such as common 
currencies and binding contracts, and ask whether these are indeed that exclusive. Finally I 
look at the common ground: negotiations that take place on several types of markets, 
natural or not; the honesty of advertisements, which is recognised as a major problem for 
both human and non-human clients; the biological equivalent of the market – firm 
dichotomy and the importance of the costs of partner choice, which are known to 
economists as ‘transaction costs’ and to sexual selection theoreticians as ‘search costs’. I 
conclude that there are several good reasons to have a closer look at those properties that 
set human and biological markets apart, but certainly also at those features that make them 
comparable to each other. 
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Introduction 
 
Biological Market Theory (BMT) was developed as an alternative to those models of the 
evolution of cooperation in non-human organisms that assume ‘cheating’ to be the 
pivotal problem for the stability of cooperation and ‘partner control’ to be nature’s 
principal solution(Bshary and Noë 2003; Hammerstein and Noë 2016; Noë 2001; Noë 
and Hammerstein 1994, 1995; Noë et al. 1991). Frequently discussed control 
mechanisms include abandoning the partner, punishment and harassment. BMT instead 
emphasizes the central role of partner choice. When some agents choose among a 
number of potential partners, the latter will try to ensure being chosen by offering 
higher quality goods and/or better service and/or demanding less in return for those 
commodities. When agents are able to discriminate among (potential) partners on the 
basis of their own net gain from interactions with those partners, then their choice 
behaviour will result in selection against cheaters as a side-effect. Phenomena such as 
partner choice, outbidding competition and the resulting adaptation of exchange rates 
of commodities to changes in supply-demand ratios are reminiscent of interactions on 
human markets with face-to-face trading and bartering. Such markets are obvious 
sources of inspiration for models of non-human trading, in the form of both intra-
specific cooperation and inter-specific mutualism. Through the eyes of a biologist 
‘trading’ is identical to ‘cooperation’, since both are interactions in which all agents 
involved, as a rule, end up with a net gain. Sexual Selection Theory (SST), which 
describes ‘mating markets’, has been another important source of inspiration during the 
development of BMT (reviewed in: Andersson 1994). 
I start with an introduction to biological markets for non-biologists in which I describe 
some of the best studied examples. These include a wide spectrum of species from fungi 
and plants, to fish and primates and strategies implemented by highly cognitive 
mechanisms in some cases and by biochemical processes in others. 
Then I look at a number of phenomena that are typical for human markets and ask 
whether drawing parallels with non-human markets is both warranted and 
scientifically productive. Such phenomena include, among others, bartering and 
negotiation, the use of currencies and the conclusion of binding contracts. Finally, I pay 
special attention two questions. (1) Is the distinction between markets and firms valid 
and useful in the case of biological markets? (2) Is the treatment of ‘transaction costs’ in 
economics equivalent to the treatment of ‘search costs’ in both BMT and SST? 
 
Biological Markets for non-biologists 
 
The eternal problem of the evolution of cooperative behaviour 
Countless introductions of papers on the evolution of cooperation will start by telling 
the readers about an enigma that already puzzled Darwin: why would individuals invest 
in others without a guarantee of net returns? Which mechanisms guarantee net returns, 
or at least make it more likely? There is a long list of recent review papers that the 
reader can check for details of the many mechanisms proposed in the literature 
(Bergmüller et al. 2007; Noë 2006; Queller and Strassmann 2006; Sachs et al. 2004; 
West et al. 2011; West et al. 2007a; West et al. 2007b). Here I will quickly skimp over 
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enough of the basics to give readers less familiar with evolutionary biology a fair chance 
to follow the rest of the chapter. 
Before listing the most common mechanisms, I have to explain my choice of terms (for 
details see Noë 2006). “Cooperation” for me is the umbrella term that includes intra-
specific cooperation, inter-specific mutualism and symbiosis. These labels are 
commonly used in ecology, but other disciplines use the same or similar labels in all 
kinds of different ways; a cacophony of terms reminiscent of the Tower of Babel (Noë 
2006). The term cooperation describes the result of an interaction between two or more 
agents from which all participants profit. In biological terms: their fitness increases 
compared to the situation before the interaction. An economist may prefer to replace 
‘fitness’ with ‘utility’.  
Cooperation as such is not an entity under direct natural selection. Natural selection 
does not act at the level of interactions between individuals, but on the individuals 
themselves. Natural selection ‘sees’ individuals as packages of genes that are all in the 
same boat: either there will be more boats of the same type in the next generation, or 
the boat sinks. What IS under natural selection here is the behaviour of the agents or, 
more specifically, the behaviour that makes it likely that interactions lead to net benefits 
for the actors. In a review written a decade ago (Noë 2006) I labelled such behaviour 
“cooperative investment” to stress both the idea of risky investment (net returns are not 
guaranteed) and the most likely outcome (benefit for all). Others use labels such as 
“altruism”, “Altruistic behaviour”, “cooperative behaviour”, or even, incorrectly, 
“cooperation”. I am fine with “cooperative behaviour” too, but for some it may be 
difficult to imagine investments made by the likes of plants and fungi as resulting from 
behaviour. 
When I talk about ‘cooperation’ in this chapter, I think of the kind of interaction in 
which one or more ‘commodities’, used here as a ragbag for all kinds of goods and 
services, are transferred between two agents. These agents may be part of networks of 
many agents and may interact with other agents at other occasions or even 
simultaneously, but the standard interaction is a dyadic affair. In other words, I don’t 
refer to forms of cooperation in which multiple agents have to take coordinated action 
in order to arrive at a beneficial outcome for all participants. No social dilemmas, 
common goods, collective actions or whatever one wishes to call these instances of n-
agent cooperation. 
Models of the evolution of cooperation roughly fall in five categories, depending on the 
assumed mechanisms promoting selection for cooperative investment in dyadic actions:  
1. Kin selection models. An explanation of cooperation among closely related 
individuals, which obviously will be members of the same species. When individuals 
can somehow discriminate between closely related individuals and others, invest 
preferentially in those relatives, and do so only when the cost for the investor is 
small relative to the gain by the beneficiary of the investment, then such ‘altruistic’ 
investment behaviour can thrive. By promoting the fitness of its close relatives, an 
actor increases the chances that the genetic information that instigated him to show 
the cooperative behaviour is better represented in the next generations. The idea 
behind this is simple: the closer the relative, the higher the chance that the relative 
carries the same genetic information as the actor, including the ‘genes’ prompting 
the carrier to behave in a cooperative way. 
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2. Green beard models. This is a bit technical and beyond the scope of this chapter. 
The basic idea is that the genetic information that leads to cooperative behaviour, as 
mentioned under point 1, is now coupled to a signal, a ‘green beard’, that can be 
perceived by the actor (Dawkins 1976). By only investing in folks wearing green 
beards, the actor promotes the propagation of the ‘cooperation genes’ in future 
generations. This is kin selection without kinship, i.e. without the necessity of being 
closely related at the level of the whole genome (for an example see: Queller et al. 
2003). 
3. Partner control models. These models were proposed to explain cooperation 
among unrelated agents. The basic idea is that each individual attempts to control 
the behaviour of each agent (s)he interacts with in such a way that at the end of each 
interaction or series of interaction the actor enjoys net gain. There are many ways to 
control others, for example: defection (simply stop interacting when it costs more 
than it pays); harassment (annoy the other during the other to such an extent that 
(s)he changes his/her behaviour in favour of the harasser); punishment (hit the 
other over the head between interactions). The game-theoretical paradigm most 
used as a basis for models is the iterated prisoners’ dilemma (IPD) in which players 
have the choice between ‘cooperate’ and ‘defect’. Partner control models got mighty 
popular after the publication of some early theoretical papers (Axelrod and 
Hamilton 1981; Trivers 1971) and a few empirical ones that at first seemed to 
support these models, (Fischer 1988; Packer 1977; Seyfarth and Cheney 1984; 
Wilkinson 1984). However, the early empirical support all but crumbled under close 
scrutiny. This was followed by decades of research in which a great number of 
theoretical papers were published, but no empirical studies that showed the use of 
strategies that are indeed contingent on the actions of one partner only, such as tit-
for-tat and reciprocal altruism. It was not before 2008 that a paper was published 
reporting a convincing example of an IPD in animals (Bshary et al. 2008) and one 
more that could well pass the test too (Krams et al. 2008). These papers, and a few 
more that followed, couldn’t prevent the hot air balloon of partner control from 
deflating further, however. 
4. Partner choice models. There is nothing wrong with the idea that one can slap an 
unprofitable partner on the wrist just by abandoning him, but it is unlikely that most 
agents will simply sit on their hands, as far as they have any, after that. A much more 
likely action after abandoning one partner is searching for another. And the 
abandoned partner may of course also go looking for a new friend. Rare are the 
organisms that have no choice among potential partners at all. Partner choice, or 
partner switching, is a potent force in the evolution of cooperation and central to 
what Peter Hammerstein and I have labelled ‘biological markets’ (Noë and 
Hammerstein 1994, 1995). First of all, partner choice can be a selective force 
promoting certain characteristics in partners that are profitable to the agents 
exerting choice, just like female choice (i.e. mate choice exerted by females) can 
select for all kinds of fancy secondary sexual traits in males. Partner choice can also 
drive competition by outbidding, resulting in relatively better exchange rates for the 
choosing party. This causes momentary adaptations to fluctuations to supply-
demand ratios; hence the market-like character of these cooperation arenas. Partner 
choice can thus drive a form of natural selection that we dubbed ‘market selection’ 
(Bshary and Noë 2003) in evolutionary time and can drive agents to adapt to 
fluctuations in the markets they participate in on a time scale of an individual’s life 
time or even shorter. Obviously, both forms of adaptation are closely linked, but 
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market selection will often be a weak or even unnoticeable force even in organisms 
that react strongly to supply and demand fluctuations. Market selection is notably 
hard to detect when it runs counter to sexual selection, such as in birds in which 
female choice selects for bright colours in males, but dominant males prefer male 
partners with dull colours (Greene et al. 2000; Noë and Hammerstein 1994). 
5. Group selection models. I mention group selection only to complete the picture 
here. There is little controversy around the idea that natural selection operates at 
multiple levels, notably alleles (‘genes’), individuals (i.e packages of genes), groups 
(i.e. packages of individuals of the same species, ecosystems (i.e. packages of 
individuals belonging to different species etc. (Queller and Strassmann 2009). There 
is much controversy, however, about the relative impact of selection at those 
different levels (Leigh Jr 2010). I am firmly in the camp of the individualists and use 
the term ‘agent’ here as synonym to ‘individual’. Since the effect of partner choice at 
the level of individual agents forms the main topic of this chapter, group selection is 
hardly relevant here. It can be a major force, however, in the evolution of forms of 
cooperation that are under cultural (rather than natural) selection, which are 
ubiquitous in human societies (Richerson and Boyd 2005; Richerson et al. 2003; 
Smaldino 2014). 
Properties of biological markets 
 Trader classes 
An archetypical biological market has trader classes that offer class-specific goods or 
services (‘commodities’). In most cases the roles are fixed, such as in plants and 
pollinators, cleaner fish and their clients, but agents can also be temporary members of 
a class and switch classes. For example, baboons may provide access to food patches 
when dominant, but offer grooming to gain access to food patches when subordinate 
(Barrett et al. 1999). More than two trader classes can be found in various complex 
forms of mutualisms, as for example in leaf-cutter ants that protect the fungi they grow 
for food (on the pieces of leaves they cut from trees) against fungus parasites by 
inoculating their fungus gardens with antibiotics producing bacteria (Currie et al. 2006; 
Currie et al. 1999). 
 Commodities 
Traders on biological markets exchange ‘commodities’, which are either tangible goods 
(examples: nutrients, such as nectar or phosphorus, and domatia, housing structures 
provided by plants to mutualistic insects) or ‘services’ (examples: protection of plants 
or aphids provided by ants, grooming provides by monkeys, removal of ecto-parasites 
provided by cleaner fish) 
 Partner choice 
Preference for trading partners is based on expected net gain. Expectations can be 
based on past interactions, ongoing interactions, ‘advertisements’ (signals correlated 
with the commodity offered), or a combination of these. Choosing a new partner may 
follow abandoning or being abandoned by a partner and hence may also be described as 
‘partner switching’. 
 Outbidding competition 
Competition over access to preferred partners takes the form of outbidding 
competition, i.e. improving offers by changing the exchange rate in favour of the 
partner. Competition by use of force may often play a role too, but should be seen as a 
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factor constraining the market rather than shaping the market, comparable to the effect 
of robbery and theft on human markets. 
 Supply and demand 
Exchange rates of commodities are primarily determined by supply – demand ratios. 
The direction of changes in exchange rate after changes in supply and/or demand 
should be predictable, but it is hard to imagine how exact exchange rates could be 
predicted for biological markets. Economists also have problems predicting exact 
prices, even when the values of all commodities can be expressed in a common 
currency, a component lacking on virtually all biological markets (see next point). 
 The lack of common currencies 
With few possible exceptions, which I’ll discuss below, there are no equivalents of 
common currencies. The ‘currency’ of evolutionary biology is fitness, which is a 
measure of reproductive success relative to the reproductive success of conspecifics. It 
is comparable, with some restrictions, to ‘utility’ in economics. Units of fitness cannot be 
converted from one species to the next, so the gains and losses of members of different 
species can certainly not be expressed in fitness units on a single scale. 
 The lack of binding contracts 
Nonhuman traders cannot conclude ‘binding contracts’ verbally, in writing, or 
otherwise, before engaging in interactions and there are no justice-like or police-like 
external institutions to enforce contracts. For some actors on biological markets the 
profitability of interactions can be guaranteed by mechanical means, e.g. a bumblebee 
can hardly avoid taking up pollen when reaching for the nectar offered by a flower. 
 Negotiation 
Even if supply and demand ratios dictate a certain exchange rate, the question will be: 
which mechanisms translate this market-wide parameter into an exchange rate 
between two individual agents? These mechanisms are in general species and 
interaction specific, but some of these can be lumped together under the heading 
‘negotiation’. During exchanges in which a commodity is delivered piecemeal, the 
receiving trader can obtain information about the likelihood that the partner will 
continue its delivery by observing the attitude of the partner. The attitude of the partner 
is determined by past interactions with the same and other agents acting on the same 
market. It is not necessarily in the interest of a trader to reveal its attitude, however, 
and this may become visible only after a challenge by its partner. The process reminds 
of the ‘raising the stakes’ strategy proposed in the context of partner control models 
(Roberts and Sherratt 1998; Sherratt and Roberts 2002). An example of negotiation 
during grooming in vervet monkeys given below may clarify what I mean by negotiation 
processes on biological markets. 
 Advertising 
Partners may be selected directly on the basis of the (relative) quality or quantity of the 
commodity they offer, but in many cases this cannot be assessed before the actual 
exchange begins and hence first investments have been made. One partner may reduce 
those initial investments, as well as search costs (see next item) for the other party by 
‘advertising’ the commodity on offer, e.g. the petals of a flower form a kind of billboard 
advertising the presence of nectar to potential pollinators. Obviously there are pitfalls: 
flowers may also attract nectar robbers and advertisements may be exaggerated or 
utterly dishonest (Fraser 2013).  
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 Search costs 
Finding a partner and starting an exchange doesn’t come for free. The ‘search costs’ to 
be paid form a threshold between living without a partner and finding one, or between 
the present partner and an alternative one. Time and energy spend for the search are 
obvious components of search costs, but so are increased predation risks during 
searches and investments in the assessment of the potential partners. Search costs were 
ignored in some early sexual selection models, resulting in some rather unrealistic 
predictions (Andersson 1994). When the search costs prevent both agents from 
switching to a better partner, but cooperation remains potentially profitable for both, 
the agents are de facto condemned to deal with each other. In such a case partner 
control mechanisms prevail. 
A few examples of non-human markets 
 Cleaner fish markets 
There are quite a few marine fish and shrimp species that feed on ecto-parasites found 
on the skin and in the gills and mouths of, usually larger, fish. Some are facultative 
cleaners, some only do it in their youth only, while for others it is a full time job. The 
cleaner fish – client mutualism was listed as an example of reciprocal altruism by Bob 
Trivers (1971), but was not well studied till Redouan Bshary started working on the 
cleaner wrasse Labroides dimidiatus, an obligate cleaner, in the mid-nineties (reviewed 
in: Bshary 2001; Bshary and Noë 2003). 
The natural history of cleaning in a nutshell: Cleaner wrasses defend small territories on 
corals, called ‘cleaning stations’. All kinds of fish visit them to get rid of their ecto-
parasites, which usually infect them in great numbers overnight, but also of dead and 
infected skin. Individual cleaners can have more than 2000 interactions per day and 
may reduce the parasite density on clients by a factor of 4–5 (Grutter 1999). The 
interaction is considered mutualistic, because the cleaner profits from food delivered at 
home and the client from getting cleaned. However, L. dimidiatus prefer the mucus, 
scales and skin of the client over their ecto-parasites (Grutter and Bshary 2003), a 
potential cause of discord in the mutualistic transaction. Clients can also harm cleaners, 
but some more than others: predators can attempt to eat the cleaner. Non-predatory 
species can chase the cleaner around when they are big enough, as most are. 
Market processes become apparent when two groups of clients are compared: 
‘residents’ and ‘floaters’. Residents have small home ranges that contain only a single 
cleaner station, while floaters are either fish with big ranges containing multiple 
stations, or pelagic fish that visit the reef occasionally. Residents have no choice and the 
cleaner is therefore in a monopolistic position. Floaters can visit multiple stations and 
play off cleaners against each other by returning only to those that provide the best 
service, i.e. they don’t have to wait and are not bitten (Bshary and Schäffer 2002). The 
difference is most evident when both client types approach the cleaner simultaneously: 
the cleaner invariably serves the floater first. Floaters are on average bigger species 
than residents, so in principle their larger body surface and hence higher number of 
ecto-parasites could also explain the difference. However, when residents are compared 
to same-size floaters, the  latter are still served longer and get bitten less (Bshary 2001). 
 Baby markets 
Most, if not all, primate females love cuddling the babies of other females. This is not 
necessarily a by-product of their love for their own infants, but a way of getting to know 
new members of their group. For young females it may also important in learning to 
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handle infants, as the mortality of first-borns tends to be higher than the mortality of 
subsequently born infants (Cheney et al. 2004; Koyama et al. 1992; Smuts and Nicolson 
1989). Only new-borns, which in most primate species have a distinctly coloured natal 
coat, attract strong attention. For the following story it is irrelevant, however, why 
female primates want to handle other females’ infants so desperately. Fact is that they 
do and that they usually have to groom the mother first, before the latter allows 
touching her infant. 
Peter Henzi and Louise Barrett reasoned that if indeed would-be infant handlers ‘pay’ 
for access to infants by grooming the mother, the price paid for access would depend on 
the number of infants in a group (Henzi and Barrett 2002). Data they collected on 
chacma baboons in South-Africa, which are brown as adults and black as babies, indeed 
confirmed this hypothesis: the more black infants there were in the group, the shorter 
was the grooming time needed to gain access to them. As always, the ‘grooming-up-the-
hierarchy’ effect was visible too: for the same number of infants handlers subordinate to 
the mother had to groom longer than handlers dominant to the mother. The idea of a 
‘baby market’ has been confirmed for several other species since (Fruteau et al. 2011; 
Gumert 2007; Schaffner and Aureli 2005; Slater et al. 2007; Wei et al. 2013). 
The mother’s anxiety level may well turn out to be part of the proximate mechanisms 
behind all this: lower ranking mothers are likely to be more reluctant to relinquish 
control over their infant than higher ranking ones and mothers may feel more pressure 
the more would-be handlers are vying for their infant. The step from a simple ‘stress 
level’ story to an explanation based on supply and demand is made when mothers 
actively use infant scarcity to exact more grooming by the handlers beyond the point 
that they became relaxed enough to hand over their costly offspring. A hint that they 
actually do this is in the ‘negotiation moves’ (Waal et al. 2013) mothers often make: they 
shield their infants and offer fresh body parts to groom, thus inducing the handler to 
groom longer. If reducing stress was the whole story, we would expect mothers slowly 
thawing during the grooming bout, but not seeing them actively ask for more grooming. 
 Partner value in vervet monkeys 
We could show that vervet monkeys quickly adapt to changes in partner value in an 
experiment in which first one and then two low-ranking females were experimentally 
enabled to produce food for their whole group by opening a remote-controlled food 
container filled with pieces of apple. When only one food provider was present, the 
grooming ratio between her and her group members shot up to her advantage, but 
dropped quickly again, roughly half-way back to base level, within a few trials after a 
second provider was introduced (Fruteau et al. 2009). 
 Underground nutrient exchanges 
Great examples of partner choice and adaptation to supply-demand ratios come from 
mutualisms between plants and microbial organisms. Among the many different 
mutualisms of this type, the most intensely studied are the interactions between 
legumes and both arbuscular mycorrhizal fungi and soil bacteria of the rhizobia-group. 
In both cases nodules are formed in which nutrients are exchanged: the plants offer 
carbohydrates they acquire through photosynthesis in the chloroplasts found in all 
green tissues, but notably leaves. The fungi and bacteria, respectively, offer essential 
nutrients that they take up from the soil, notably phosphorus and nitrogen (reviewed in: 
Bücking et al. 2016; Friesen 2012; Kiers and van der Heijden 2006; Simms and Taylor 
2002; Werner and Kiers 2015; Werner et al. 2014; Wilkinson 2001). One reason for the 
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interest in these nutrient exchanges is their enormous economic importance: about 
85% of all plant species, among which virtually all plants important in agriculture, 
depend on them. 
The big advantage of these systems is that they can be experimentally manipulated and 
the amounts of nutrients exchanged can be accurately quantified. One essential 
difference between the two mutualisms is that mycorrhizal fungi grow long filaments 
that can make contact with multiple hosts, while rhizobia live in contact with or in the 
direct vicinity of the roots of a single host. Fine-tuned adaptation to changing supply-
demand ratios, resulting from partner choice going both ways, has been shown in 
several experimental studies, for example between plants and rhizobia (Friesen 2012; 
Gubry-Rangin et al. 2010; Heath and Tiffin 2009; Simms and Taylor 2002) and between 
plants and arbuscular mycorrhizal fungi (Argüello et al. 2016; Bever 2015; Bever et al. 
2009; Fellbaum et al. 2014; Franklin et al. 2014; Grman et al. 2012; Kiers et al. 2011; 
Verbruggen et al. 2012). The mechanisms involved in nutrient exchanges seem at first 
sight fiendishly complex and far removed from the simple bartering of goods, but a 
recent model based on basic principles from cell biology showed that plants and 
arbuscular mycorrhizal fungi may well be seen as traders reacting to changes in supply 
and demand in a straightforward way while maximizing their private net gain (Schott et 
al. 2016). Underground markets have also been used as empirical touchstones in the 
development of sophisticated market models of more general interest (Wyatt et al. 
2014, 2016). 
Partner choice 
I use ‘partner choice’ as an overarching term for the exertion of preference for a subset 
among potential partners on the basis of expected net gain from future interactions. 
Preferences can be based on a comparison of both known and unknown individuals. 
This implies that I consider ‘partner switching’ also as a form of partner choice, i.e. an 
individual that abandons a known partner in order to form a relationship with a new 
one, does so on the basis of information about the profitability of interacting with either 
one. The term ‘partner switching’ has also been used otherwise, namely as a process by 
which a relationship is started with a random new partner after the break-up of an 
existing partnership (Wubs et al. 2016). The latter definition seems more relevant to 
agent-based simulations than to real-life organisms. 
 Partner choice comes in many disguises. There are probably as many mechanisms that 
play a role in discriminating between potential partners as there are species involved in 
one or the other form of cooperation. I illustrate some general principles with a few 
specific biological examples and comparisons to human trading behaviour. 
 Unidirectional vs bidirectional choice 
Partner choice on biological markets can be largely unilateral, comparable to clients 
choosing among shops or restaurants, or go both ways, comparable to universities 
selecting students that have chosen to apply for certain universities and companies 
choosing among applicants for a certain job. Insects visiting flowers and transporting 
the plant’s pollen in exchange for nectar will be an example familiar to most. The 
pollinators unilaterally choose the flowers they want to visit, while the plants do their 
best to outcompete surrounding plants. It would be a mistake to think that organisms 
cannot choose because they are immobile, however. Both trader classes on the 
underground markets in which plants exchange nutrients with mycorrhizal fungi (see 
above ‘Underground nutrient exchanges’) can exert choice (Fellbaum et al. 2014; Kiers 
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et al. 2011). Immobile traders will, as a rule, exert choice after the first contact has been 
made and eventually commodities have been exchanged (see next point). 
 Choice before or after investments in the partner are made 
Depending on the number of partners needed for an optimal result, a trader can select 
the best partner, or a few high-quality partners, out of many, or only eliminate the worst 
ones. Sessile and slow moving organisms, such as plants and corals, are limited in their 
choice options by their low mobility. Plants tend to trade simultaneously with (very) 
large numbers of much smaller organisms, such as insects, fungi and bacteria. One can 
imagine that picking individual bacteria is a bit tedious, so a good alternative strategy is 
to accept large numbers of partners and eliminate those that do not deliver a net gain. 
This choice strategy has at some point been labelled ‘sanctioning’ (Denison 2000), a 
term that makes sense since in many cases the negative choice by the large partner 
results in the demise of the small ones. The drawback of this strategy is that a certain 
investment in low-quality partners has been made before sanctions can be inflicted, 
opening the door to free-riding. The term ‘sanctioning’ was introduced in the context of 
the nutrient-exchanges between plants and rhizobia (see above ‘Underground nutrient 
exchanges’), but there is some debate whether choice by the plants is exerted only by 
sanctioning mechanisms or also by positive choice before any investment is made (e.g. 
see Gubry-Rangin et al. 2010). Choices that require low or no investment can only be 
made on the basis of signals sent by the chosen class of traders that somehow show 
correlation with the quality and/or quantity of the commodity on offer. The problem of 
honest advertisements looms large here (Fraser 2013; see also 'Honest advertising' 
below), but this is a can of worms I don’t want to open too widely in this review. 
 Cognitive vs non-cognitive mechanisms 
It is one question which kind of strategy traders use; another is how they implement it. 
When one thinks of trade among humans, or perhaps among primates or vertebrates in 
general, one is inclined to expect quite a bit of cognitive power to be used in processes 
such as partner choice, outbidding a competitor and negotiating for a better exchange 
rate. This is likely to be largely correct too, although one shouldn’t underestimate the 
share of non-neuronal mechanisms, such as changes in hormone titres and so forth, in 
social decision making.  It would be wrong to think, however, that equivalent strategies 
are not being used just because the traders involved lack neurons. Rather sophisticated 
partner choice mechanisms have, for example, been reported in microbes (reviewed in 
Bever 2015; Bücking et al. 2016; Werner and Kiers 2015; Werner et al. 2014). 
 Periods over which partners are evaluated 
In recent years a somewhat sterile discussion has emerged among primatologists about 
the time period over which the profitability of partnerships is measured, which is 
assumed to be the basis on which partners are chosen. Some stress the value of long-
term ‘bonds’ for primates (Dunbar 2010) – others stress that tracking short-term 
fluctuations is typical for primate grooming markets (Barrett and Henzi 2001; Barrett et 
al. 1999; Sick et al. 2014). In my eyes, both camps are neither right nor wrong. It all 
depends on the nature of the commodities exchanged. 
The impact of market effects is most obvious when traders react quickly to changes in 
supply and demand, as in the vervet food provider experiment (Fruteau et al. 2009) 
described above. In ‘baby markets’ (also described above), the amount of grooming 
mothers receive also changes quickly when a new-born arrives, but when the infants 
age and their attractiveness diminishes, the mothers receive less and less grooming. In 
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other primate grooming-based trading, the value of a partner can be rather stable over 
long periods, however. Support in conflicts, for example, is only valuable when given by 
an individual that is dominant over one’s opponent. High-ranking animals are therefore 
much sought-after partners and in the case of primates this can be the same individuals 
for many years. High-ranking protectors should therefore not be chosen on the basis of 
the outcome of few interactions, but rather based on the average outcome of long series 
of interactions with some rate of discounting the further back these interactions are. 
Grooming them to keep them ready and willing to lend support should be done 
regularly, since one never knows when one will be attacked by some young rascal. 
Tolerance in rich food patches is another commodity that can only be provided by 
animals high in the hierarchy. It is therefore good to have a good relationship with them 
over the long run, even though the value of access to food patches itself, and thus the 
amount of grooming invested, may vary with the time of the day (Sick et al. 2014) and 
the season (Barrett et al. 2002). My message for primatologists is thus: BMT is about 
fluctuations in supply and demand, but these fluctuations are not necessarily over short 
time-frames only, but rather over time frames that correspond to the variation in supply 
and demand of the commodities at hand. Short-term effects indeed dominate the BMT 
literature, but that has practical grounds: such effects are easier to observe and quantify 
and PhD-projects are short. 
 Bookkeeping 
Some kind of bookkeeping is necessary to determine the (relative) value of partners on 
the basis of past interactions. It is rather unlikely that any non-human animal does this 
on the basis of adding absolute values in any form (‘calculated bookkeeping’), if only 
because the only relevant currency for such calculations would be the fitness effects on 
the calculating individual due to each interaction. Biologists find it notoriously difficult 
to measure fitness effects. ‘Fitness’ is optimized in the course of evolution via selection 
on proximate mechanisms that, on average, promote higher fitness (notably lower 
mortality and/or higher reproductive output per time unit). A plausible kind of 
mechanism underlying bookkeeping of fitness gains due to interactions with various 
partners, is based on variation in the titres of a number of (neuro)hormones that are 
involved in positive  and negative feelings towards those partners (McCall and Singer 
2012). To give a caricatured example: the titre of oxytocin of individual X can be a bit 
higher in reaction to seeing partner Y than before the previous interaction with Y when 
Y helped X in a fight with Z. This mechanisms has been baptised ‘attitudinal partner 
choice’ (Fruteau et al. 2009) in an attempt of doing justice to the term ‘attitudinal 
reciprocity’ introduced earlier as an alternative mechanism to ‘calculated reciprocity’ 
(de Waal 2000). “Emotional bookkeeping” (Schino and Aureli 2009) is, however, both a 
more general and more intuitive label for basically the same concept. It is possible that 
different hormones, different combinations of hormones, or a combination of hormonal 
and neuronal mechanisms are behind short-term and long-term changes in attitude 
towards partners, but this is not the place to discuss neuro-endocrinological 
mechanisms in any detail (see for reviews: Glimcher 2003; McCall and Singer 2012; 
Rilling and Sanfey 2011). 
Sexual selection and mating markets 
Biological market theory borrows jargon from economics, but sexual selection theory 
actually provided us with more information and inspiration. ‘Reproductive cooperation’ 
can be seen as a special form of cooperation between two (sometimes more) unrelated 
individuals. From Darwin onwards it has been clear that the dynamics of reproductive 
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pair formation can only be understood against the background of the ‘mating market’, 
although oddly enough that specific term only recently became in vogue in biology. 
Sexual selection theory is much older and much better developed than BMT, so the 
latter has little to add to the former. Nevertheless there are a few cases in which the 
explicitly economic thinking in terms of supply and demand helped spotting aspects 
that would have escaped our attention otherwise. To explain this, I start with a rather 
peculiar example involving green nests and red bishops.  
 Green nests and red bishops 
This story is based on a paper by Metz and colleagues (2007). Male red bishops, a 
southern African weaver bird, construct elaborate nests in colonies, often in a single 
tree, that are inspected at length before being accepted or rejected by females looking 
for a place to breed. When she likes the nest, the female will mate with its builder. 
Building nests costs considerable time and effort and the males will adapt their 
investment to the number of females in demand. The females base their choice not only 
on the shape and sturdiness of the nest, but also its freshness. The plant material from 
which the nest is built has anti-parasitic effects as long as it is fresh and green, but this 
fades once the material gets dry and brown. The availability of fresh building material is 
dependent on rainfall, which can be erratic in the region. When females are scare, the 
males are forced to work harder in order to outcompete the other males in the same 
colony. The choosiness of females on the mating market of the red bishop is therefore 
determined by the ratio green nests in supply and females in demand for nests, rather 
than on the Operational Sex Ratio (OSR), the ratio between males and females ready to 
reproduce at any time, which is the classical parameter of the strength of sexual 
selection (Emlen and Oring 1977). 
 Human mating markets 
Human mating markets are of interest here for two reasons: Firstly, they show great 
cultural variation in the way ‘biological’ and ‘economical’ partner choice mechanisms 
mix. Secondly, they provide some good examples of the added value of paying attention 
to the effect of changes in supply and demand other than through simply changes in the 
Operational Sex Ratio (OSR). 
A considerable literature about the economic aspects of human partner choice exists. 
There is a bewildering variety of cultural norms concerning bride wealth and dowry 
payments, showing that mate choice either way is strongly influenced by economic 
considerations, be it by the bridal couple itself or their families. Although the variation 
is probably largely due to cultural evolutionary processes, the practise of adding wealth 
to the new household, one way or the other, is likely to have direct reproductive 
consequences by way of increased fertility and reduced mortality of mother and child 
(for reviews and references see: Buss and Schmitt 1993; Gangestad and Simpson 2000; 
Grossbard-Shechtman 1993; Testart 2013). These effects become notably apparent, if 
one analyses data from pre-industrial societies with no access to contraceptives. One of 
several nice examples is the study of Eckart Voland and colleagues of the 18th and 19th 
century population of the Krummhörn region in north-west Germany (Voland 1995; 
Voland and Dunbar 1995; Voland and Engel 1990). In a nutshell: the more land a man 
has, the younger his bride will be. Access to land in men and age at marriage in women 
are both closely correlated to reproductive success. This form of ‘assortative mating’ is 
typical for mating markets in which both sexes exert preference and both have several 
partners to choose from simultaneously. 
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Interesting in the present context is the effect of real-time (‘life-time’) adaptations, as 
opposed to changes detectible at an evolutionary time scale only, to local differences or 
short-term changes in supply and demand ratios on mate choice on human mating 
markets. An early example was reported by Bogusław Pawłowski and Robin Dunbar on 
the basis of an analysis of so-called ‘lonely hearts’ advertisements in newspapers, a 
study obviously conducted before most of the action shifted to the internet (Pawlowski 
and Dunbar 1999, 2001). By quantifying the number of characteristics desired in the 
partner and the number of potentially desirable characteristics of the advertiser, the 
authors showed that advertisers are sensitive to their own relative value in the market. 
A similar result was also found in a framing study in which subjects looked at soap 
opera-like sequences with high and low OSR among the actors, respectively (Taylor 
2013). Fine-tuning to local supply and demand ratios was found in two studies that 
analysed mating markets in different regions with marked differences in OSR. In a study 
using data from the US, women married men of higher socio-economic status when 
there were relatively fewer women on the local marriage market (Pollet and Nettle 
2008). In another study of a polygynous society in Uganda, the same authors found that 
in general men that owned land were more likely to be polygynous than landless men, 
as can be expected, but this effect was stronger in regions in which relatively fewer 
women on the marriage market (Pollet and Nettle 2009). Finally, market-thinking that 
goes beyond classical sexual selection theory also proved its worth in explaining the 
variation in reproductive success in older men in various pre-industrial populations on 
the basis of the resources older men control (Vinicius and Migliano 2016). 
 
To what kind of human markets do biological markets compare? 
 
Commodity swaps vs currency-based trade 
If one seeks inspiration from human (‘economic’) markets to understand natural ones, 
then one should select the right kind of human markets to compare with. Comparing to 
highly complex global trade in shares in which transactions are decided in nanoseconds 
by computer algorithms makes little sense. Human individual trading behaviour should 
remain visible, since we are talking about trading strategies at the individual level here. 
This also excludes the use of macro-economic models in which individual behaviour has 
been averaged out in utility functions and the like. Markets of interests in the present 
context are those with face-to-face trading. The next question is whether one should 
limit to direct bartering of goods and services or whether one could compare to markets 
on which the values of commodities are converted in a common currency too. I think 
that one can in some exceptional cases, but I’ll return this below under ‘Currencies’. 
Trader classes 
A direct comparison between biological and economical markets is most 
straightforward when both have two distinct classes of traders, e.g. shopkeepers and 
clients, plants and pollinators etc. Partner choice, i.e. the preference for the best partner 
and the most profitable deal, drives markets both in nature and in human societies and 
in both cases one finds uni-directional and bi-directional partner choice (see above).  
Embedded markets 
Paying attention to the individual relationships of the traders has been well-accepted in 
sociology and economic anthropology ever since Mark Granovetter published his 
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seminal paper on ‘embedded markets’ in 1985 (Granovetter 1985), but the basic ideas 
go back to Karl Marx and Karl Polanyi (Lie 1991). A trader on an embedded market will 
not follow the rational strategy of Homo economicus when trading, but will take all kinds 
of long terms relationships, friendships, family ties and a host of social norms into 
account. In some markets, it is simply not done to buy from shop A if one is a regular 
customer of shop B, even if A’s price for the same product is lower. Inversely, it is not 
done to charge prices well above the market average from a regular customer 
(Alexander and Alexander 1991; Frenzen and Davis 1990; Le Velly 2002; Simpson and 
McGrimmon 2008; Varman and Costa 2008). 
As far as I can see from my outsider’s vantage point, the problem with the literature on 
embedded markets, is that it remains stuck in a descriptive mode without 
generalisation, theoretical modelling and hypothesis testing. In evolutionary biology 
this is considered unacceptable since decades - a nice example of the evolution of norms 
in fact. What we can nevertheless learn from the embedded market literature is that 
proper market models should reflect all relevant parameters that have influence on a 
deal between traders. In a game-theoretical model this would mean that norms, 
friendships, reputations etc. should be reflected in the payoff structure, a job not very 
likely to be accomplished with simple two-player, two action matrix games. Fortunately, 
many of the parameters that would be relevant to our understanding of trading in a 
bazaar, can be safely left out in models of biological markets. But that does not mean 
that there are many biological markets simple enough to build models assuming just 
two classes of traders each offering just one easily quantifiable commodity. The 
underground nutrient exchange markets discussed above may seem to come pretty 
close, even though the devil is in the rather complicated mechanisms involved in the 
implementation of partner choice and trading (but see Schott et al. 2016, as discussed 
above). Primate grooming markets, to give an example from the other end of the 
cognitive spectrum, tend to be rather messy, because many different goods and services 
are traded against each other; few, if any, of those can be quantified using a common 
‘currency’; trading takes place in the context of kinship ties and relationships that often 
last for many years, and so forth. The art of modelling, as always, is striping away as 
much as possible without distorting the core of the system beyond recognition. This 
demands intensive communication between theoreticians and empiricists. A good 
example of that is a recent paper by Wyatt and colleagues (Wyatt et al. 2014). Perhaps 
the modelling of human embedded markets can move forward too after we get a handle 
on various biological markets first (see section ‘Common ground’ below). 
 
How different are biological and economical markets? 
 
Two universal differences between human ‘economic’ markets and biological markets 
seem obvious: the lack of currencies and binding contracts in the latter. However, with a 
few examples I will argue that even these differences are better seen as different shades 
of grey rather than black and white. Something similar can be said of two further 
phenomena that I’ll discuss in this section: negotiation and honest advertisement. 
Currencies 
In the following I will use the term ‘currency’ as interchangeable with ‘money’, even 
though some people would perhaps enjoy hotly debating the difference. For me 
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anything goes, as long as it consists of uniform entities that are recognised by multiple 
traders as something that can be exchanged against multiple goods or services. 
According to the classical definitions of Aristotle a currency has the following 
properties:  (1) medium of exchange; (2) unit of account; (3) store of value and (4) 
mode of payment (Guyer 2012). The last property is generally assumed to be subsumed 
under the first three, so I will only ask whether any examples of items with one or more 
of the first three of Aristotle’s characteristics can be found on biological markets. In fact 
I will simplify the question by concentrating on one specific example: grooming in non-
human primates, a well-studied and easily quantifiable behaviour and known to be 
exchanged against a number of different commodities in a large number of different 
primate species. The alternative would be using different examples for each of 
Aristotle’s properties, but that risks requiring further extensive explanations for 
readers not familiar with the natural history involved. I also happen to be a 
primatologist and some familiarity with the example used certainly helps. 
 Is grooming a medium of exchange? Consider the following: (1) Almost any group 
member with the exception of the youngest infants, can provide grooming at any 
time as long as other activities don’t prevent animals from sitting peacefully 
together. (2) Grooming can be exchanged, in the short or long run, against sex, 
support in conflicts, protection against predators, tolerance in food patches, food 
items, access to infants and other group members and perhaps a few more 
commodities important to non-human primates, including grooming itself. (3) 
Grooming can be used to equalize unbalanced trade, levelling the ‘inefficiencies of 
barter’ in exchanges of other commodities, such as meat-for-sex.  So Aristotle will 
perhaps not turn in his grave when I submit that grooming qualifies as a medium of 
exchange. 
 Is a unit of grooming time a unit of account? Obviously, not all minutes of grooming 
have the same value. In a grooming bout there will be diminishing returns, making 
the last minute less valuable for the groomee than the first minute, and probably 
also more costly to provide for the groomer when his hands get tired and 
opportunity costs rise, for example. The value of grooming may also depend on who 
supplies it. A minute of grooming will therefore not always give the same amount of 
‘pleasure’, or in other words, will not always have the same utility, but the same is 
true for any currency, as far as I can see. We can ask a more specific question: Can 
grooming be used to convert the value of tolerance in food patches to gaining access 
to an infant? Consider the following fabricated, but plausible, story:  
a) Subordinate S grooms dominant D for 10 min 
b) D then tolerates S in a food patch 
c) ... allowing S to forage 15 min shorter 
d) ... and instead groom mother M for 7 min 
e) M’s then allows S to hold her infant for 4 min 
Has some amount of ‘tolerance’ now been converted to some amount of ‘access to 
infants’ by expressing both in grooming time units? Perhaps Aristotle would even 
have accepted that grooming is a unit of account of sorts. 
 Is grooming a store of value? No, obviously one cannot stack it in the shed or bring it 
to the bank. However, as stated above, everybody has it handy almost all of the time 
in quantities limited only by other activities. The latter limitation should not be 
underestimated, by the way (Dunbar 2010). 
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Comparing grooming to fiat money used in human societies obviously is a bit of a 
stretch, but one can ask the legitimate question whether other currencies used by 
humans come closer. Two categories come to mind: commodity currencies and 
community currencies. 
 Commodity currencies. There is an almost endless list of items that have been used, or 
are still used, as currencies: salt, beads, cloth, arrow heads, cigarettes, barley, shells 
etc. (Guyer 2012). Their transitoriness (e.g. barley) and the variability of the 
exchange value of units, makes some of these a bit more grooming-like than fiat 
money. In Cameroun, for example, bundles of small iron strips were used, but the 
amount of produce one could buy with a bundle varied considerably with time and 
location (Guyer 2012). Contrary to grooming, however, most commodity currencies 
can be stored, but certainly not all – at least not for longer periods. 
 Community currencies. Some local communities use, or used, so-called community 
currencies (also known as LETS – Local Exchange Trading Systems). Examples are: 
time banking (UK, Australia and several other countries), time dollars (US), the Ithaca 
Hours System (US), noppes (The Netherlands) and so forth (Collom 2011; Richey 
2007; Seyfang 2004). The common, rather utopic, idea behind most LETS is that one 
invests a certain amount of time in some activity for another member of the 
community (or several members, or even the whole community) and is paid back by 
another member of the community with activity time as the unit of account. 
Everybody can invest by using skills (s)he excels in and get paid back in services 
(s)he is not that good at. For example, plumber A fixes the wastepipes of cleaning 
lady B for half an hour; lady B cleans the surgery of dentist C for half an hour, where 
after dentist C fools around in the teeth of A for half an hour. In other words, all 
activities are considered having the same value as long as they take the same 
investment in time. Some communities issue vouchers, loyalty cards, locally printed 
money-like bills etc. to keep track of things. Other communities have a central 
administration of services delivered and received. The reason why I find it more 
interesting to compare primate grooming  with these community currency systems 
rather than with fiat money is the fact that value is measured in time units and that 
transactions take place in closed communities in which people know each other and 
control each other socially rather than relying on enforcement by third parties. 
‘Embeddedness’ is more prominent here than in the formal fiat money-based 
economies of western societies. Obviously, major differences with grooming remain: 
bookkeeping in centralised, rather than tracked by each individual, and value 
generated can generally be stocked for a long time. 
Binding contracts  
Another feature that is, on first sight, rather unlikely to be found in nature is contracts 
made binding under the threat of third-party punishment. It would seem improbable 
that there are institutions in the animal, floral, fungal, bacterial, or whatever non-human 
kingdom guaranteeing that agents stick to a contract concluded in advance of a 
cooperative interaction. The creation and maintenance of institutions in human 
societies that back up contracts, such as police and courts of justice, requires solving 
complex second-order social dilemmas (Henrich and Boyd 2001; Oliver 1980; 
Yamagishi 1986). 
An agent can also be prevented from breaking a contract without interference by third 
parties, when he is vulnerable to direct bodily harm inflicted by the partner. But, in such 
cases one can ask why the partner wouldn’t use force to extort the commodity in the 
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first place?  Yet another way of making the breaking of a contract costly is depositing a 
guarantee in the form of goods that can be seized at any time by the partner. When 
those goods represent less value than the cooperative investment agreed upon under 
the contract, there is no reason to fulfil the contract, however. When the goods are 
worth more, then there is no reason why the partner would not size the guarantee 
rather than the investment under contract. Hence, the only effect a deposit of goods has 
in the context of dyadic cooperative interactions, is reducing the risk for the receiving 
party. The only fool-proof way of guaranteeing the fulfilment of contracts in nature is, to 
my knowledge, making the delivery of a commodity inevitable upon the reception of the 
commodity for which it is traded. An example: a bumblebee cannot enter a flower and 
suck nectar without getting pollen stuck all over its body and hence transporting it to 
the flowers visited next. Rather elaborate structures have evolved in flowers to 
guarantee the transfer of pollen to and from the pollinators’ bodies (e.g. Dellinger et al. 
2014). Whether or not one would like to compare such mechanisms to binding 
contracts is a matter of definitions and taste. And it does not prevent occasional nectar-
robbers, which usually come in the form of specialised ‘parasitic’ species, from taking 
the flower’s nectar without transporting any pollen. 
There is one example that has been compared to concluding contracts in the literature 
and worth considering in more detail: the mutualism between bobtail squids and 
bioluminescent bacteria. The natural history of this mutualism has been studied and 
described in great detail by Margaret McFall-Ngai and her colleagues (Davidson et al. 
2004; McFall-Ngai 2008a, b; McFall-Ngai 2014; McFall-Ngai et al. 2012; McFall-Ngai 
2000; Visick and McFall-Ngai 2000; Wang et al. 2010). The term ‘contract’ is used by 
McFall-Ngai and colleagues (e.g. in Visick and McFall-Ngai 2000), but the use of contract 
theory in the context of mutualisms, using the bobtail mutualism as the main example, 
was worked out in more detail by others (Archetti 2011; Hammerstein and Noë 2016; 
Weyl et al. 2010). 
The natural history is as follows: The squid have light organs that emit light produced 
by bioluminescent bacteria living in the light organ. The main function of these light 
organs is to light up the squid from below, so that their silhouettes are less visible from 
below against the background of the surface. The bacteria benefit from living in the light 
organ, but they can also live free-floating in the ocean. Most bacteria (90 – 96 %) are 
expelled every day and the light organ is filled again by the remaining population. A 
fast-growing bacterial population produces more light than a stable one. The partner 
choice event of interest here, however, is when the young squids recruit light-emitting 
bacteria, which make up less than 0.1 % of the bacterial population in ocean water, in 
their virgin light organs for the first time. How do they select the right bacteria that 
indeed emit light and how do they keep their organs free from free-riding or even 
pathogenic bacteria? The solution is producing an anti-bacterial poison, which kills of all 
bacteria except the bio-luminescent ones that have an antidote. The poison – antidote 
interaction inevitably leads to light production. Glen Weyl and colleagues (Weyl et al. 
2010) and Marco Archetti (Archetti 2011) compare the problem of the squid to the 
problem of companies that want to recruit new employees without having any reliable 
information about the candidates. Employers that want to avoid costly probation 
periods can offer contracts with an ‘entrance fee’, e.g. an amount of money that a skilful 
employee can easily gain back within a few months, but scares off weak candidates. The 
logic is that of ‘honest signalling’ (see below). The bacteria may not sign binding 
contracts with squids, but the squids can be pretty sure they pay the rent. 
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Negotiation 
Further central questions of BMT concern the propagation of exchange rates through 
the market and the way in which pairs of traders arrive at exchange rates at or near the 
level momentarily dictated by the market. To pose a more down-to-earth question 
based on a concrete example again: how do a young female monkey and the mother of 
the baby she would like to cuddle know what the momentary price for access to infants 
is and how do they arrive at a grooming time in accordance with that price? In a first 
attempt to answer this question, we have done a bit of work on ‘negotiation’ over 
grooming in vervets (Waal et al. 2013). Negotiation over grooming is nothing very 
complex. During resting periods of the group one monkey approaches another and it is 
pretty obvious to both animals (and the observer) that grooming is called for. The 
question is who starts and who grooms for how long.  
In most primates studied grooming goes ‘up the hierarchy’, i.e. the dominant of the pair 
will receive relatively more grooming than the subordinate. This is generally 
interpreted as the price paid for services only dominants can provide, e.g. tolerance in 
food patches and support in conflicts (Barrett and Henzi 2001; Carne et al. 2011; Henzi 
et al. 2003; Port et al. 2009; Sick et al. 2014; Watts 2010). We start therefore with a 
baseline asymmetry in almost any pairs of monkeys. In our vervets an approaching 
female was a bit more likely to start grooming than the one she approached, but the 
difference was not great. The approachers were a bit more motivated to groom and the 
stationary ones ready to doze off, probably. What grooming monkeys do is stopping at 
times to see how the other reacts. The latter can do one of three things: ignore the 
groomer, start grooming in turn, or present a body part that hasn’t been groomed yet. 
The latter gesture is very effective: there is a 50% change that a groomer resumes 
grooming after a new body part has been presented compared to only a few percent if 
her partner does nothing. As a result grooming bouts last longer when more body parts 
are presented. So groomers try to groom as little as possible hoping that the other is 
willing to take over, but they can be persuaded to continue for longer. Sooner or later, 
though, grooming will stop and when that is depends on the groomer’s motivation and 
the groomee’s persuasion. 
Now imagine a young female grooming a mother with a baby in the hope of being 
allowed to hold the baby for a while. She will stop grooming once in a while and try 
grabbing the infant, but the mother will give her a clear sign by shielding off the baby 
and presenting a new body part, if she thinks she can insist on more grooming. On how 
much grooming she can insist will, however, depend on the local grooming market. The 
motivation of the groomer to persist will depend on the alternative options she has, i.e. 
the number of equally interesting other infants in the group. Mothers will thus soon 
notice when they are asking too much, because the groomer walks off instead of 
continuing the groom. I hypothesise that the market-wide price is set through the action 
of multiple females negotiating with all mothers present in the group. 
Honest advertisements 
The problem of the honesty of signals was recognized by economists and other students 
of human behaviours following the lead of Veblen ((1899) and Spence (Spence 1973). 
They recognised that a signal can be honest, i.e. correlates well with the qualities of the 
signaller, when it is costly and hence cannot be produced by individuals that lack the 
means of producing it. The basic idea was re-invented in biology by Zahavi (1975, 1977) 
under the label ‘handicap principle’, which after initial scepticism (Maynard Smith 1976, 
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1978), followed by rehabilitation(Grafen 1990), lead to considerable activity, both in 
the form of theoretical models as well as empirical tests. 
The honesty of advertisements is an issue in some, but not all biological markets. In 
some cases, notably with few big organisms going into a mutualistic relationship with 
many members of a small species, e.g. plants with rhizobia or figs with fig-wasps, the big 
partner will initially accept any small partner that presents itself, but will end the 
relationship with all partners that turn out not to be profitable. A plant expels badly 
performing rhizobia from its roots (Denison 2000); a fig aborts figs that contain too 
many fig wasp larvae, even though it needs fig wasp females born in its figs to ensure 
the transport of its pollen to other figs (Bull and Rice 1991). Expelling small partners, of 
which a number of examples exist and a variety of mechanisms has been described, is 
nowadays often called ‘sanctioning’, as mentioned above (section ‘Choice before or after 
investment’). For the big partner this usually doesn’t mean the end of benefits from 
cooperation, but just a few partners less. For the small partner it may be the end of the 
road; a strong form of selection through partner choice indeed. In systems with 
sanctioning partners involved, partner choice is based on the actual net gain assessed 
during ongoing relationships and honesty is therefore normally not an issue. 
In other cases, mechanistic solutions have evolved that make the mutual profitability of 
a cooperative interaction virtually guaranteed, once both parties have chosen to engage 
in it. The mutualism between bobtail squid and bio-luminescent bacteria, mentioned 
above, is an example. I also mentioned some rather complicated structures in flowers 
that ensure the transfer of pollen to the pollinator in that context. However, the 
pollination of flowering plants also stands for a mutualistic interaction in which the 
honest advertisement problem looms large. Flower petals are like billboards advertising 
the presence of flowers at a distance and before the visiting pollinator has got any 
nectar, he has already invested some time and effort by visiting the flower. Flowers that 
are permanently empty exist (Bell 1986; Gilbert et al. 1991), but most are at least 
temporarily empty after pollinators removed all nectar from it. Some flowers will 
replenish the nectar reward again, but that takes some time, while others will go out of 
business after a first successful visit. So it is no surprise that an arm’s race has evolved 
between flowers that try to lure pollinators with little reward and pollinators that got 
very good at sensing the presence of nectar at great distances or sometimes the 
secondary signals, such as changes in humidity and electric fields that betray the recent 
visit of a competitor (e.g. von Arx et al. 2012). Plants that have sent and/or received the 
pollen they want, have no interest in attracting pollinators any more, since these are 
likely to do more harm than good. All kinds of flower signals evolved therefore, e.g. 
changes in colour, signalling that a reward is no longer available. For a further 
discussion of these issues see a chapter by Ben Fraser (2013). 
One last remark: I prefer to avoid suggestive terms such as ‘cheater’, ‘free-rider’ or 
‘parasite’ in this context. It is sometimes useful to have a label that is easy to remember, 
but charged labels risk causing bias against alternative explanations.  More importantly, 
BMT stresses the fact that partners can bestow a net gain and nevertheless be rejected 
in favour of even more profitable ones. Only in systems that function under the adagio 
‘the more partners the better’, will partners be expelled or aborted because they yield 
zero net benefit or even incur costs. In such cases the label ‘cheater’ may be warranted, 
even though it doesn’t add much to our understanding. 
 
R. Noë – Biological markets vs human markets 
 20/33 
Common ground 
 
The history of biology and economics is full of re-invented wheels. Most, if not all of 
these wheels were invented in economics first, I must admit. Well-known examples are 
‘honest signalling’, as mentioned above, and the re-invention of game theory (von 
Neumann and Morgenstern 1944) and the especially Nash equilibrium (Nash 1951) by 
John Maynard Smith (Maynard Smith 1974, 1982; Maynard Smith and Price 1973). In 
Maynard Smith’s evolutionary game theory the Nash equilibrium resurfaces as one of 
two conditions for an ‘evolutionary stable strategy’ (ESS), a notable example too of 
biologists re-inventing, but also improving and extending an economical concept.  
Here I focus on two, mutually interdependent, parallels specific to biological markets: 
the biological equivalent of the ‘markets - firms’ dichotomy and the comparison of 
‘transaction costs’ in economic models and ‘search costs’, also known as ‘costs of choice’, 
in sexual selection and partner choice models. 
The equivalent of the ‘markets - firms’ dichotomy 
Economists make a distinction between markets and firms. According to ‘transaction 
cost theory’ (Coase 1937) traders tend to escape from market forces by getting 
organised in firms when the costs of obtaining a commodity on the open market are 
higher than the costs of producing the commodity within a closed unit. In a broad sense 
a firm can be defined as any entity that reduces the costs of acquiring a commodity by 
producing it cheaper by better internal organisation: a firm can be a commercial 
company, a medieval guild, an association etc. I will avoid burning my biological fingers 
on definitions of markets and firms, but instead start with two citations from Coase’s 
classic paper: On p. 388 he writes: “Outside the firm, price movements direct production, 
which is co-ordinated through a series of exchange transactions on the market. Within a 
firm, these market transactions are eliminated and in place of the complicated market 
structure with exchange transactions is substituted the entrepreneur-co-ordinator, who 
directs production. It is clear that these are alternative methods of co-ordinating 
production.” Followed on p. 389 by: “.... the distinguishing mark of the firm is the 
supersession of the price mechanism.” 
Obviously, the dichotomy between firms and markets isn’t as clear cut as Coarse 
originally suggested: cartel formation between firms and other mechanisms distort the 
idealized price-setting of friction-free markets, firms, notably large ones, can suffer from 
internal competition and often have internal transaction costs too (Walker and Weber 
1984). The question where exactly the firm ends and the market starts is reminiscent of 
the discussion about the levels of adaptation in biology (also known as the ‘levels of 
selection’ problem, but see Gardner and Grafen (2009) for an explanation of why 
adaptation, rather than selection, is the crucial issue): which unit is coherent enough to 
act, in practise as well as in evolutionary modelling, as a packet of genes on which 
natural selection acts as if it is a single unit? 
Units of adaptation, and hence biological equivalents of firms, can in principle be found 
at many different levels of organisation. In fact the ‘Major Transitions in Evolution’ 
(sensu Maynard Smith and Szathmáry 1995) can be compared to mergers of smaller 
firms into bigger ones, reducing the forces of the free market more and more in the 
process. Thus, any individual is a biological firm, since it consists of packages of genes 
that reproduce in a largely coordinated fashion. Notably the eukaryotic genome 
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resembles a construction kit assembled from DNA originating from many different 
species. Eukaryotic individuals are not only gene-packages, but also units including 
vertically inherited symbionts, such as mitochondria and chloroplasts, which originated 
from independently living organisms. Groups of individuals resemble firms if they are 
somehow well-organised, for example due to kin structure and/or strong leadership. 
Groups can have reduced internal competition, notably due to a hierarchical 
organisation based on dominance relationships. Group may communally produce 
commodities more efficiently than is possible for solitary-living individuals, for example 
by defending common territories and resources, by reducing the risk of predation and 
so forth. 
Those that like the idea of comparing groups to firms should not forget, however, that 
group-living in most species is explained by the reduction of predation costs in the form 
of lower mortality, but also of shared vigilance. This is achieved at a price of increased 
competition over resources compared to a solitary life-style (Alexander 1974; van 
Schaik 1983; van Schaik and van Hooff 1983). The improved access to resources due to 
the strength of the group compared to competing groups is unlikely to compensate for 
the increase in the costs of competition due to group-living. Living in a group implies 
indirect scramble competition as well as direct contest competition with one’s worst 
competitors: conspecifics. Dominance relationships dampen the ill-effects of contest 
competition over resources, but the competition of many mouths eating the same food 
remains. If a group of animals is a biological firm, then it is one with inefficiencies due to 
internal competition. Eusocial groups, such as found in bees, wasps, ants, termites and 
several other species, including mammals such as naked mole-rats, may be better 
organised firms with division of labour by morphologically different castes, but they still 
harbour quite a bit of conflict (reviewed in Davies et al. 2012, Chpt 13). 
Better biological examples of entities resembling firms are obligate mutualisms in 
which host organisms inherit endosymbionts from their parents. The relationship host-
symbiont is notably tight when the symbiont is inherited intracellularly, i.e. as an 
organelle living the cells of the host and transferred to the next generation in the 
gametes of one or both parents. With this mode of inheritance the mutualistic entity is 
comparable to a single organism, whereby the contours of the ‘organism’ concept  
become blurred (Queller and Strassmann 2009). The latter authors define an organisms 
‘a unit with high cooperation and very low conflict among its parts’ (p. 1344) and earlier 
on the same page they indeed compare organisms thus defined with firms. Cooperation 
and conflict between host and symbiont is at a level comparable to the cooperation and 
conflict among the genes of a single organisms in the ‘parliament of genes’ (Leigh 1971). 
As is true for real parliaments, however, the genome is full of conflicts too (Strassmann 
and Queller 2010). 
Host – symbiont mutualisms in which the symbionts are ‘horizontally transmitted’, i.e. 
acquired through partner choice by the host, provide good biological examples of 
markets, as argued above. In some cases the symbionts are acquired only once at the 
start of the life cycle of the host, e.g. in the bobtail squid – bioluminescent bacteria 
mutualism described above, or they are recruited throughout the hosts life-cycle, as in 
the plant – rhizobia mutualism, also described above. Companies, consisting of sets of 
individuals working together in the common interest of their firm, compete with other 
companies on the market. However, the composition of the work force of a company is 
the result of market forces on the labour market and promotions may invoke fierce 
internal competition, so employees that work together as a closed firm at one moment 
R. Noë – Biological markets vs human markets 
 22/33 
compete with each other on open markets at another. The cyclic alternation of firm-
dominated and market-dominated phases is even more obvious in universities that go 
through a yearly ritual of selecting students all at the same time, all selecting from the 
same pool of high school absolvents that all of which apply for overlapping sets of 
universities. Such firm – market cycles can also be recognised in many a mutualism in 
which horizontally acquired endo-symbiotic partners: the life cycle starts with the 
recruitment of partners, followed by a period during which host and symbionts have 
their eggs in the same basket. In many cases such recruitment phases return 
periodically, interspersed with periods during which interests are aligned again. This 
may even be the case in vertically, but extracellularly transmitted symbionts in which 
horizontal transmission occurs occasionally, i.e. once in many generations (Kaltenpoth 
et al. 2014). Thus within the big host – small symbiont type of mutualisms, we find 
examples that resemble firms, examples that resemble markets, and examples that 
resemble either depending on the phase in the life-cycle of the host. 
Other examples of alternating market-like and firm-like phases are found in the life-
cycles of numerous socially living micro-organisms (‘social microbes’). Examples 
include various Volvox species, which are green algae that form complex colonies; 
Dictyostelium slime moulds, amoebae that go through free-living phases as well as 
various forms of aggregations such as slugs that move around as a single entity and 
fruiting bodies and Myxococcus xanthus, bacteria that form biofilms and feeding swarms 
that act like hunting packs in carnivores (Queller and Strassmann 2009). 
Transaction costs compared to the costs of partner and mate choice 
When the transaction costs are very low, the market has very little fraction, supply and 
demand are in balance, the price is at equilibrium and the markets ‘clear’ (= Say’s law). 
Ronald Coase did not use the term ‘transaction costs’ yet, but wrote about the concept 
as early as 1937 (Coase 1937), but the concept is perhaps better known via the work of 
Coase’s fellow Nobel laureates Oliver Williamson (Williamson 1979, 2005)  and 
Douglass North (North 1990). 
One equivalent of transaction costs in biology is the ‘costs of mate choice’ in sexual 
selection models (Real 1990, 1991). Early models of sexual selection overlooked these 
costs, which led to ill fits with empirical data (discussed in Andersson 1994, Chpt 2).  
Since we were familiar with these developments (Hammerstein and Parker 1987) and 
assumed that our fellow biologists would share this knowledge too, Peter Hammerstein 
and I considered the costs of partner choice and partner switching to form an essential 
element of any biological market model from the start without much further ado. 
High transaction costs/costs of partner choice causes a lot of friction in the market up to 
a point at which market mechanisms no longer work. At that point cooperation will be 
better described by partner control models, such as those based on two-player IPDs, 
than by partner choice models, such as BMT. The cooperating dyad becomes a small 
firm of two and the question is how they reduce production costs within their firm. 
 
Conclusion 
 
A comparison between human and natural markets can easily get bogged down by nit-
picking about definitions of what ‘markets’, ‘currencies’, ‘contracts’ and other core 
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features are and whether these have equivalents in nature. This would, however, 
obscure the, to me at least, obvious fact that there is a lot of the common ground, which 
can be put to good use and inspire new questions and hypotheses in both directions. 
My main interest is not to search for historical continuity in the evolution of markets or 
trading behaviour. Strategies of non-human and human traders may resemble each 
other, but the mechanisms by which these strategies are implemented, and hence the 
actual items sensitive to natural selection, are unlikely to show much continuity 
between species as far apart on the tree of life as bacteria, fungi, plants, insects and 
vertebrates. Those specifically interested in the evolutionary roots of human trading 
behaviour should probably look no further than the non-human primates or eventually 
group-living vertebrates in general. The ‘origins’ question is in any case better phrased 
as one about the evolution of cooperation. 
Recognizing common properties and using those as reference points of common 
theoretical models, notably based on game theory and agent-based modelling, can lead 
to the cross-fertilization in several ways: 
 Insights from economics can inspire hypotheses about biological markets, e.g. an 
understanding of why commodities are produced within the firm as opposed to 
purchased on the market can inspire hypotheses about the evolution of symbioses 
and notably about the issue of ‘vertical’ acquirement of symbionts by heritage versus 
‘horizontal’ acquirement from the environment. 
 Insights in the effect of the cost of partner choice and partner switching from both 
economics (‘transaction costs’) and sexual selection theory (’search costs’), can help 
understanding why and under which circumstances partner control mechanisms 
eclipse partner choice mechanisms on biological markets. 
 Some biological markets can serve as models for human ‘economic’ markets. The art 
is in finding the right matches. I could, for example, imagine using nutrient exchange 
markets, such as between rhizobia and plants or mycorrhizal fungi and plants, as 
testing grounds for ‘comparative advantage’-based trading between firms. Biological 
markets on which sessile organisms such as plants, have to attract mobile partners 
to ensure the transport of their pollen or their seeds, or to protect themselves 
against herbivores, can be used as model systems for job markets, retail markets and 
education markets, all of which have few sessile actors (employers, shops, 
universities etc.) and many mobile ones (employees and applicants, customers, 
students etc.). ‘Embedded markets’ may find their parallels in the grooming-based 
markets of non-human primates. 
 There is something to learn about the question of honest advertisement in 
economics from the insights about honest signalling in biology.  After being 
introduced elsewhere (see above), our insights have been advanced considerably by 
developments, both empirically and theoretically, in biology. A lot of signalling 
occurs in market-like contexts in which less mobile traders signal to attract more 
mobile partners. 
 The differences between natural and human markets can also be exploited to 
understand how crucial and ‘uniquely human’ phenomena, such as verbal 
negotiation, the conclusion of binding contracts and the use of universal currencies, 
really are. Do these lead to qualitatively different markets or rather to more efficient 
markets at quantitatively larger scales? 
 
R. Noë – Biological markets vs human markets 
 24/33 
Acknowledgements 
 
I would like to thank all participants of the Markets & Marketization workshop for their 
critical remarks and inspiring contributions. Uskali Mäki called my attention to the 
analogy with the market-firm dichotomy and the term ‘transaction cost’ as used in 
economics. 
 
References 
 
Alexander J, Alexander P (1991) What's a fair price? Price-setting and trading 
partnerships in Javanese markets. Man 26:493-512. 
Alexander RD (1974) The evolution of social behavior. Annual Review of Ecology, 
Evolution, and Systematics 4:325-383. 
Andersson M (1994) Sexual Selection. Monopgraphs in behavior and ecology. Princeton 
University Press, Princeton, NJ. 
Archetti M (2011) Contract theory for the evolution of cooperation: The right incentives 
attract the right partners. Journal of Theoretical Biology 269:201-207. 
Argüello A, O'Brien MJ, van der Heijden MGA, Wiemken A, Schmid B, Niklaus PA (2016) 
Options of partners improve carbon for phosphorus trade in the arbuscular 
mycorrhizal mutualism. Ecology Letters 19:648–656. 
Axelrod R, Hamilton WD (1981) The evolution of cooperation. Science 211:1390-1396. 
Barrett L, Gaynor D, Henzi SP (2002) A dynamic interaction between aggression and 
grooming reciprocity among female chacma baboons. Animal Behaviour 
63:1047-1053. 
Barrett L, Henzi SP (2001) The utility of grooming in baboon troops. In: Noë R, van 
Hooff JARAM, Hammerstein P (eds) Economics in Nature. Social Dilemmas, Mate 
Choice and Biological Markets. Cambridge University Press, Cambridge, pp 119-
145. 
Barrett L, Henzi SP, Weingrill T, Hill RA (1999) Market forces predict grooming 
reciprocity in female baboons. Proceedings of the Royal Society B-Biological 
Sciences 266:665-670. 
Bell G (1986) The evolution of empty flowers. Journal of Theoretical Biology 118: 253-
258. 
Bergmüller R, Johnstone RA, Russell AF, Bshary R (2007) Integrating cooperative 
breeding into theoretical concepts of cooperation. Behavioural Processes 76:61-
72. 
Bever JD (2015) Preferential allocation, physio-evolutionary feedbacks, and the stability 
and environmental patterns of mutualism between plants and their root 
symbionts. New Phytologist 205: 1503-1514. 
R. Noë – Biological markets vs human markets 
 25/33 
Bever JD, Richardson SC, Lawrence BM, Holmes J, Watson M (2009) Preferential 
allocation to beneficial symbiont with spatial structure maintains mycorrhizal 
mutualism. Ecology Letters 12:13-21. 
Bshary R (2001) The cleaner fish market. In: Noë R, van Hooff JARAM, Hammerstein P 
(eds) Economics in Nature. Social Dilemmas, Mate Choice and Biological Markets. 
Cambridge University Press, Cambridge, pp 146-172. 
Bshary R, Grutter AS, Willener AST, Leimar O (2008) Pairs of cooperating cleaner fish 
provide better service quality than singletons. Nature 455:964-966. 
Bshary R, Noë R (2003) Biological Markets: the ubiquitous influence of partner choice 
on the dynamics of cleaner fish-client reef fish interactions. In: Hammerstein P 
(ed) Genetic and Cultural Evolution of Cooperation. MIT Press. Cambridge, Mass., 
pp 167-184. 
Bshary R, Schäffer D (2002) Choosy reef fish select cleaner fish that provide high-quality 
service. Animal Behaviour 63:557-564. 
Bücking H, Mensah JA, Fellbaum CR (2016) Common mycorrhizal networks and their 
effect on the bargaining power of the fungal partner in the arbuscular 
mycorrhizal symbiosis. Communicative & Integrative Biology 9:e1107684. 
Bull JJ, Rice WR (1991) Distinguishing mechanisms for the evolution of co-operation. 
Journal of Theoretical Biology 149:63-74. 
Buss DM, Schmitt DP (1993) Sexual Strategies Theory: An evolutionary perspective on 
human mating. Psychological Review 100:204-232. 
Carne C, Wiper S, Semple S (2011) Reciprocation and interchange of grooming, agonistic 
support, feeding tolerance, and aggression in semi-free-ranging Barbary 
macaques. American Journal of Primatology 73:1127-1133. 
Cheney DL, Seyfarth RM, Fischer J, Beehner J, Bergman T, Johnson SE, Kitchen DM, 
Palombit RA, Rendall D, Silk JB (2004) Factors affecting reproduction and 
mortality among baboons in the Okavango Delta, Botswana. Int J Primatol 
25:401-428. 
Coase RH (1937) The nature of the firm. Economica 4:386-405. 
Collom E (2011) Motivations and Differential Participation in a Community Currency 
System: The Dynamics Within a Local Social Movement Organization. 
Sociological Forum 26:144-168. 
Currie CR, Poulsen M, Mendenhall J, Boomsma JJ, Billen J (2006) Coevolved crypts and 
exocrine glands support mutualistic bacteria in fungus-growing ants. Science 
311:81-83. 
Currie CR, Scott JA, Summerbell RC, Malloch D (1999) Fungus-growing ants use 
antibiotic-producing bacteria to control garden parasites. Nature 398: 701-704. 
Davidson SK, Koropatnick TA, Kossmehl R, Sycuro L, McFall-Ngai MJ (2004) NO means 
'yes' in the squid-vibrio symbiosis: nitric oxide (NO) during the initial stages of a 
beneficial association. Cellular Microbiology 6:1139-1151. 
R. Noë – Biological markets vs human markets 
 26/33 
Davies NB, Krebs JR, West S (2012) An introduction to behavioural ecology. 4th edn. 
Wiley-Blackwell, Chichester, UK. 
Dawkins R (1976) The selfish gene. Oxford University Press, Oxford. 
de Waal FBM (2000) Attitudinal reciprocity in food sharing among brown capuchin 
monkeys. Animal Behaviour 60:253-261. 
Dellinger Agnes S, Penneys Darin S, Staedler Yannick M, Fragner L, Weckwerth W, 
Schönenberger J (2014) A specialized bird pollination system with a bellows 
mechanism for pollen transfer and staminal food body rewards. Current Biology 
24:1615-1619. 
Denison RF (2000) Legume sanctions and the evolution of symbiotic cooperation by 
rhizobia. The American Naturalist 156:567-576. 
Dunbar RIM (2010) The social role of touch in humans and primates: Behavioural 
function and neurobiological mechanisms. Neuroscience & Biobehavioral 
Reviews 34:260-268. 
Emlen ST, Oring LW (1977) Ecology, sexual selection, and the evolution of mating 
systems. Science 197:215-223. 
Fellbaum CR, Mensah JA, Cloos AJ, Strahan GE, Pfeffer PE, Kiers ET, Bücking H (2014) 
Fungal nutrient allocation in common mycorrhizal networks is regulated by the 
carbon source strength of individual host plants. New Phytologist 203:646-656. 
Fischer EA (1988) Simultaneous hermaphroditism, tit-for-tat, and the evolutionary 
stability of social systems. Ethology and Sociobiology 9:119-136. 
Franklin O, Näsholm T, Högberg P, Högberg MN (2014) Forests trapped in nitrogen 
limitation – an ecological market perspective on ectomycorrhizal symbiosis. New 
Phytologist 203:657–666. 
Fraser B (2013) False advertising in biological markets: partner choice and the problem 
of reliability. In: Sterelny K, Joyce R, Calcott B, Fraser B (eds) Evolution, 
Cooperation and Complexity. MIT Press, Cambridge, Mass. 
Frenzen JK, Davis HL (1990) Purchasing behavior in embedded markets. Journal of 
Consumer Research 17:1-12. 
Friesen ML (2012) Widespread fitness alignment in the legume–rhizobium symbiosis. 
New Phytologist 194:1096-1111. 
Fruteau C, van de Waal E, van Damme E, Noë R (2011) Infant access and handling in 
sooty mangabeys and vervet monkeys. Animal Behaviour 81:153-161. 
Fruteau C, Voelkl B, van Damme E, Noë R (2009) Supply and demand determine the 
market value of food providers in wild vervet monkeys. Proceedings of the 
National Academy of Sciences of the United States of America 106:12007-12012. 
Gangestad SW, Simpson JA (2000) The evolution of human mating: Trade-offs and 
strategic pluralism. Behavioral and brain sciences 23:573-587. 
Gardner A, Grafen A (2009) Capturing the superorganism: a formal theory of group 
adaptation. Journal of Evolutionary Biology 22:659-671. 
R. Noë – Biological markets vs human markets 
 27/33 
Gilbert FS, Haines N, Dickson K (1991) Empty flowers. Funct Ecol 5: 29-39. 
Glimcher PW (2003) Decisions, Uncertainty, and the Brain. The Science of 
Neuroeconomics. MIT Press - Bradford Books, Cambridge, Mass. 
Grafen A (1990) Biological signals as handicaps. Journal of Theoretical Biology 144:517-
546. 
Granovetter M (1985) Economic-action and social-structure - the problem of 
embeddedness. American Journal of Sociology 91:481-510. 
Greene E, Lyon BE, Muehter VR, Ratcliffe L, Oliver SJ, Boag PT (2000) Disruptive sexual 
selection for plumage coloration in a passerine bird. Nature 407:1000-1003. 
Grman E, Robinson TMP, Klausmeier CA (2012) Ecological specialization and trade 
affect the outcome of negotiations in mutualism. The American Naturalist 
179:567-581. 
Grossbard-Shechtman SA (1993) On the economics of marriage: A theory of marriage, 
labor, and divorce. Westview Press, Boulder and Oxford. 
Grutter AS (1999) Cleaner fish really do clean. Nature 398:672-673. 
Grutter AS, Bshary R (2003) Cleaner wrasse prefer client mucus: support for partner 
control mechanisms in cleaning interactions. Proceedings of the Royal Society of 
London Series B: Biological Sciences 270:S242-S244. 
Gubry-Rangin C, Garcia M, Béna G (2010) Partner choice in Medicago Truncatula–
Sinorhizobium symbiosis. Proceedings of the Royal Society B: Biological Sciences 
277:1947-1951. 
Gumert MD (2007) Grooming and infant handling interchange in Macaca fascicularis: 
the relationship between infant supply and grooming payment. Int J Primatol 
28:1059-1074. 
Guyer JI (2012) Soft currencies, cash economies, new monies: Past and present. 
Proceedings of the National Academy of Sciences 109:2214-2221. 
Hammerstein P, Noë R (2016) Biological trade and markets. Philosophical Transactions 
of the Royal Society of London B: Biological Sciences 371 (1687). 
Hammerstein P, Parker GA (1987) Sexual selection: games between the sexes. In:  
Bradbury, J.W.;Andersson, M.B.(eds) Sexual selection: testing the alternatives. 
John Wiley & Sons, pp. 119-142).  
Heath KD, Tiffin P (2009) Stabilizing mechanisms in a legume-rhizobium mutualism. 
Evolution 63:652-662. 
Henrich J, Boyd R (2001) Why people punish defectors: Weak conformist transmission 
can stabilize costly enforcement of norms in cooperative dilemmas. Journal of 
Theoretical Biology 208:79-89. 
Henzi SP, Barrett L (2002) Infants as a commodity in a baboon market. Animal 
Behaviour 63:915-921. 
R. Noë – Biological markets vs human markets 
 28/33 
Henzi SP, Barrett L, Gaynor D, Greeff J, Weingrill T, Hill RA (2003) Effect of resource 
competition on the long-term allocation of grooming by female baboons: 
evaluating Seyfarth's model. Animal Behaviour 66:931-938. 
Kaltenpoth M, Roeser-Mueller K, Koehler S, Peterson A, Nechitaylo TY, Stubblefield JW, 
Herzner G, Seger J, Strohm E (2014) Partner choice and fidelity stabilize 
coevolution in a Cretaceous-age defensive symbiosis. Proceedings of the National 
Academy of Sciences 111:6359-6364. 
Kiers ET, Duhamel M, Beesetty Y, Mensah JA, Franken O, Verbruggen E, Fellbaum CR, 
Kowalchuk GA, Hart MM, Bago A, Palmer TM, West SA, Vandenkoornhuyse P, 
Jansa J, Bücking H (2011) Reciprocal rewards stabilize cooperation in the 
mycorrhizal symbiosis. Science 333:880-882. 
Kiers ET, van der Heijden MGA (2006) Mutualistic stability in the arbuscular 
mycorrhizal symbiosis: Exploring hypotheses of evolutionary cooperation. 
Ecology 87:1627-1636. 
Koyama N, Takahata Y, Huffman M, Norikoshi K, Suzuki H (1992) Reproductive 
parameters of female Japanese macaques: Thirty years data from the arashiyama 
troops, Japan. Primates 33:33-47. 
Krams I, Krama T, Igaune K, Mänd R (2008) Experimental evidence of reciprocal 
altruism in the pied flycatcher. Behav Ecol Sociobiol 62:599-605. 
Le Velly R (2002) "Embeddedness", a sociological theory of market transactions. 
Sociologie Du Travail 44:37-53. 
Leigh EG (1971) Adaptation and diversity; natural history and the mathematics of 
evolution. Freeman, San Francisco, CA. 
Leigh Jr EG (2010) The group selection controversy. Journal of Evolutionary Biology 
23:6-19. 
Lie J (1991) Embedding Polanyi's market society. Sociological Perspectives 34:219-235. 
Maynard Smith J (1974) The theory of games and the evolution of animal conflicts. 
Journal of Theoretical Biology 47:209-221. 
Maynard Smith J (1976) Sexual selection and the handicap principle. Journal of 
Theoretical Biology 57:239-242. 
Maynard Smith J (1978) The handicap principle - a comment. Journal of Theoretical 
Biology 70:251-252. 
Maynard Smith J (1982) Evolution and the theory of games. Cambridge Univ. Press, 
Cambridge. 
Maynard Smith J, Price GR (1973) The logic of animal conflict. Nature 246:15-18. 
Maynard Smith J, Szathmáry E (1995) The major transitions in evolution. Oxford 
University Press, Oxford. 
McCall C, Singer T (2012) The animal and human neuroendocrinology of social 
cognition, motivation and behavior. Nature Neuroscience 15:681-688. 
McFall-Ngai M (2008a) Hawaiian bobtail squid. Current Biology 18:R1043-R1044. 
R. Noë – Biological markets vs human markets 
 29/33 
McFall-Ngai M (2008b) Host-microbe symbiosis: The squid-vibrio association - A 
naturally occurring, experimental model of animal/bacterial partnerships. Gi 
Microbiota and Regulation of the Immune System 635:102-112. 
McFall-Ngai M (2014) Divining the essence of symbiosis: Insights from the squid-vibrio 
model. PLoS Biol 12:e1001783. 
McFall-Ngai M, Heath-Heckman EAC, Gillette AA, Peyer SM, Harvie EA (2012) The secret 
languages of coevolved symbioses: Insights from the Euprymna scolopes-Vibrio 
fischeri symbiosis. Seminars in Immunology 24:3-8. 
McFall-Ngai MJ (2000) Negotiations between animals and bacteria: the 'diplomacy' of 
the squid-vibrio symbiosis. Comparative Biochemistry and Physiology a-
Molecular and Integrative Physiology 126:471-480. 
Metz M, Klump G, Friedl T (2007) Temporal changes in demand for and supply of nests 
in red bishops (Euplectes orix): dynamics of a biological market. Behav Ecol 
Sociobiol 61:1369-1381. 
Nash J (1951) Non-cooperative games. Annals of Mathematics 54:286-295. 
Noë R (2001) Biological markets: partner choice as the driving force behind the 
evolution of cooperation. In: Noë R, van Hooff JARAM, Hammerstein P (eds) 
Economics in Nature. Social Dilemmas, Mate Choice and Biological Markets. (eds 
Noë, R., van Hooff, J.A.R.A.M &  Hammerstein, P.) Cambridge UP pp 93-118. 
Cambridge University Press, Cambridge, pp 93-118. 
Noë R (2006) Cooperation experiments: coordination through communication versus 
acting apart together. Animal Behaviour 71:1-18. 
Noë R, Hammerstein P (1994) Biological markets: supply and demand determine the 
effect of partner choice in cooperation, mutualism and mating. Behav Ecol 
Sociobiol 35:1-11. 
Noë R, Hammerstein P (1995) Biological markets. Trends in Ecology and Evolution 
10:336-339. 
Noë R, van Schaik CP, van Hooff JARAM (1991) The market effect: an explanation for 
pay-off asymmetries among collaborating animals. Ethology 87:97-118. 
North DC (1990) Institutions, institutional change and economic performance. 
Cambridge University Press, Cambridge 
Oliver P (1980) Rewards and punishments as selective incentives for collective action: 
theoretical investigations. American journal of sociology:1356-1375. 
Packer C (1977) Reciprocal altruism in Papio anubis. Nature 265:441-443. 
Pawlowski B, Dunbar RIM (1999) Impact of market value on human mate choice 
decisions. Proceedings of the Royal Society, London, B 266:281-285. 
Pawlowski B, Dunbar RIM (2001) Human mate choice strategies. In: Noë R, van Hooff 
JARAM, Hammerstein P (eds) Economics in Nature. Social Dilemmas, Mate Choice 
and Biological Markets. . Cambridge University Press, Cambridge, pp 187-202 
R. Noë – Biological markets vs human markets 
 30/33 
Pollet TV, Nettle D (2008) Driving a hard bargain: sex ratio and male marriage success 
in a historical US population. Biology Letters 4:31-33. 
Pollet TV, Nettle D (2009) Market forces affect patterns of polygyny in Uganda. 
Proceedings of the National Academy of Sciences 106:2114-2117. 
Port M, Clough D, Kappeler PM (2009) Market effects offset the reciprocation of 
grooming in free-ranging redfronted lemurs, Eulemur fulvus rufus. Animal 
Behaviour 77:29-36. 
Queller DC, Ponte E, Bozzaro S, Strassmann JE (2003) Single-gene greenbeard effects in 
the social amoeba Dictyostelium discoideum. Science 299:105-106. 
Queller DC, Strassmann JE (2006) Models of cooperation. Journal of Evolutionary 
Biology 19:1410-1412. 
Queller DC, Strassmann JE (2009) Beyond society: the evolution of organismality. 
Philosophical Transactions of the Royal Society B: Biological Sciences 364:3143-
3155. 
Real L (1990) Search theory and mate choice: I. Models of single-sex discrimination. The 
American Naturalist 136:376-405. 
Real L (1991) Search theory and mate choice: II. Mutual interaction, assortative mating, 
and equilibrium variation in male and female fitness. The American Naturalist 
138:901-917. 
Richerson PJ, Boyd R (2005) Not by genes alone. How culture transformed human 
evolution. University of Chicago Press, Chicago. 
Richerson PJ, Boyd RT, Henrich J (2003) Cultural evolution of human cooperation. In:  
In: Hammerstein, P. (ed). Genetic and Cultural Evolution of Cooperation. MIT 
Press, Cambridge, Mass. pp. 357-388.  
Richey S (2007) Manufacturing trust: Community currencies and the creation of social 
capital. Political Behavior 29:69-88. 
Rilling JK, Sanfey AG (2011) The neuroscience of social decision-making. Annual Review 
of Psychology 62:23-48. 
Roberts G, Sherratt TN (1998) Development of cooperative relationships through 
increasing investment. Nature 394:175-179. 
Sachs JL, Mueller UG, Wilcox TP, Bull JJ (2004) The evolution of cooperation. Quarterly 
Review of Biology 79:135-160. 
Schaffner C, Aureli F (2005) Embraces and grooming in captive spider monkeys. Int J 
Primatol 26:1093-1106. 
Schino G, Aureli F (2009) Reciprocal altruism in primates: partner choice, cognition, and 
emotions. Advances in the Study of Behavior 39:45-69. 
Schott S, Valdebenito B, Bustos D, Gomez-Porras JL, Sharma T, Dreyer I (2016) 
Cooperation through competition - Dynamics and microeconomics of a minimal 
nutrient trade system in arbuscular mycorrhizal symbiosis. Frontiers in Plant 
Science 7. 
R. Noë – Biological markets vs human markets 
 31/33 
Seyfang G (2004) Working outside the box: Community currencies, time banks and 
social inclusion. Journal of Social Policy 33:49-71. 
Seyfarth RM, Cheney DL (1984) Grooming, alliances and reciprocal altruism in vervet 
monkeys. Nature 308:541-543. 
Sherratt TN, Roberts G (2002) The stability of cooperation involving variable 
investment. Journal of Theoretical Biology 215:47-56. 
Sick C, Carter AJ, Marshall HH, Knapp LA, Dabelsteen T, Cowlishaw G (2014) Evidence 
for varying social strategies across the day in chacma baboons. Biology Letters 
10. 
Simms EL, Taylor DL (2002) Partner choice in nitrogen-fixation mutualisms of legumes 
and rhizobia. Integrative and Comparative Biology 42:369-380. 
Simpson B, McGrimmon T (2008) Trust and embedded markets: A multi-method 
investigation of consumer transactions. Social Networks 30:1-15. 
Slater KY, Schaffner CM, Aureli F (2007) Embraces for infant handling in spider 
monkeys: evidence for a biological market? Animal Behaviour 74:455-461. 
Smaldino PE (2014) The cultural evolution of emergent group-level traits. Behavioral 
and Brain Sciences 37:243-254. 
Smuts B, Nicolson N (1989) Reproduction in wild female olive baboons. American 
Journal of Primatology 19:229-246. 
Spence AM (1973) Job market signaling. The Quarterly Journal of Economics 87:355-
374. 
Strassmann JE, Queller DC (2010) The social organism: Congresses, parties, and 
committees. Evolution 64:605-616. 
Taylor LD (2013) Male partner selectivity, romantic confidence, and media depictions of 
partner scarcity. Evolutionary Psychology 11:36-49. 
Testart A (2013) Reconstructing social and cultural evolution: The case of dowry in the 
Indo-European area. Current Anthropology 54:23-50. 
Trivers RL (1971) The evolution of reciprocal altruism. Quarterly Review of Biology 
46:35-57. 
van Schaik CP (1983) Why are diurnal primates living in groups? Behaviour 87:120-
144. 
van Schaik CP, van Hooff JARAM (1983) On the ultimate causes of primate social 
systems. Behaviour 85:91-117. 
Varman R, Costa JA (2008) Embedded Markets, Communities, and the Invisible Hand of 
Social Norms. Journal of Macromarketing 28:141-156. 
Veblen T (1899) The theory of the leisure class: An economic study of institutions. In:  
New York: The Macmillan Company.  
R. Noë – Biological markets vs human markets 
 32/33 
Verbruggen E, Mouden CE, Jansa J, Akkermans G, Bücking H, West SA, Kiers ET (2012) 
Spatial structure and interspecific cooperation:  theory and an empirical test 
using the mycorrhizal mutualism. The American Naturalist 179:E133-E146. 
Vinicius L, Migliano AB (2016) Reproductive market values explain post-reproductive 
lifespans in men. Trends in Ecology & Evolution 31:172-175. 
Visick KL, McFall-Ngai MJ (2000) An exclusive contract: Specificity in the Vibrio fischeri 
Euprymna scolopes partnership. Journal of Bacteriology 182:1779-1787. 
Voland E (1995) Reproductive decisions viewed from an evolutionarily informed 
historical demography. In:  Dunbar, R. I. M. (ed) Human Reprodcutive Decisions. 
Biological and Social Perspectives. MacMillan Houndmills & London.  
Voland E, Dunbar RIM (1995) Resource competition and reproduction. The relationship 
between economic and parental strategies in the Krummhörn population (1720 - 
1874). Hum Nat 6:33-49. 
Voland E, Engel C (1990) Female choice in humans: a conditional mate selection 
strategy of the Krummhoern women (Germany, 1720-1874). Ethology 84:144-
154. 
von Arx M, Goyret J, Davidowitz G, Raguso RA (2012) Floral humidity as a reliable 
sensory cue for profitability assessment by nectar-foraging hawkmoths. 
Proceedings of the National Academy of Sciences 109:9471-9476. 
von Neumann J, Morgenstern O (1944) Theory of games and economic behavior. 
Princeton University Press, Princeton. 
Waal E, Spinelli M, Bshary R, Ros AFH, Noë R (2013) Negotiations over grooming in wild 
vervet monkeys (Chlorocebus pygerythrus). Int J Primatol 34:1153-1171. 
Walker G, Weber D (1984) A transaction cost approach to make-or-buy decisions. 
Administrative Science Quarterly 29:373-391. 
Wang YL, Dunn AK, Wilneff J, McFall-Ngai MJ, Spiro S, Ruby EG (2010) Vibrio fischeri 
flavohaemoglobin protects against nitric oxide during initiation of the squid-
Vibrio symbiosis. Molecular Microbiology 78:903-915. 
Watts DP (2010) Dominance, power, and politics in nonhuman and human primates. In: 
Kappeler PM, Silk J (eds) Mind the Gap. Tracing the Origins of Human Universals 
Springer, Berlin, pp 109-138. 
Wei W, Qi X, Garber PA, Guo S, Zhang P, Li B (2013) Supply and demand determine the 
market value of access to infants in the Golden Snub-Nosed monkey 
(Rhinopithecus roxellana). PLoS ONE 8:e65962. 
Werner GDA, Kiers ET (2015) Partner selection in the mycorrhizal mutualism. New 
Phytologist 205:1437-1442. 
Werner GDA, Strassmann JE, Ivens ABF, Engelmoer DJP, Verbruggen E, Queller DC, Noë 
R, Johnson NC, Hammerstein P, Kiers ET (2014) Evolution of microbial markets. 
Proceedings of the National Academy of Sciences 111:1237-1244. 
West SA, El Mouden C, Gardner A (2011) Sixteen common misconceptions about the 
evolution of cooperation in humans. Evolution and Human Behavior 32:231-262. 
R. Noë – Biological markets vs human markets 
 33/33 
West SA, Griffin AS, Gardner A (2007a) Evolutionary explanations for cooperation. 
Current Biology 17:R661-R672. 
West SA, Griffin AS, Gardner A (2007b) Social semantics: altruism, cooperation, 
mutualism, strong reciprocity and group selection. Journal of Evolutionary 
Biology 20:415-432. 
Weyl EG, Frederickson ME, Yu DW, Pierce NE (2010) Economic contract theory tests 
models of mutualism. Proceedings of the National Academy of Sciences 
107:15712-15716. 
Wilkinson DM (2001) Mycorrhizal evolution. Trends in Ecology & Evolution 16:64-65. 
Wilkinson GS (1984) Reciprocal food sharing in the vampire bat. Nature 308:181-184. 
Williamson OE (1979) Transaction-cost economics: the governance of contractual 
relations. Journal of law and economics 22:233-261. 
Williamson, O. E. (2005). Transaction cost economics. In C. Ménard & M. M. Shirley 
(Eds.), Handbook of new institutional economics (pp. 41-65). Heidelberg: 
Springer. 
Wubs M, Bshary R, Lehmann L (2016) Coevolution between positive reciprocity, 
punishment, and partner switching in repeated interactions. Proceedings of the 
Royal Society of London B: Biological Sciences 283. 
Wyatt GAK, Kiers ET, Gardner A, West SA (2014) A biological market analysis of the 
plant-mycorrhizal symbiosis. Evolution 68:2603-2618. 
Wyatt GAK, Kiers ET, Gardner A, West SA (2016) Restricting mutualistic partners to 
enforce trade reliance. Nat Commun 7. 
Yamagishi T (1986) The provision of a sanctioning system as a public good. Journal of 
Personality and Social Psychology 51:110-116. 
Zahavi A (1975) Mate selection - a selection for a handicap. Journal of Theoretical 
Biology 53:205-214. 
Zahavi A (1977) The cost of honesty (further remarks on the handicap principle). 
Journal of Theoretical Biology 67:603-605. 
 
 
